Purpose: To validate a novel quantitative MRI method to measure osteophyte volume. Methods: 90 subjects were selected from the Progression Cohort of the Osteoarthritis Initiative (OAI) at baseline and 48 months, and analyzed using a semi-automated software tool. Marginal osteophyte volume was calculated for four compartments of the central weight-bearing region of the tibiofemoral joint. Standardized response mean (SRM) for change in volume was used to quantify responsiveness. Concurrent validity was assessed via a comparison with MRI Osteoarthritis Knee Score (MOAKS) using KruskaleWallis analysis and Spearman's correlation coefficient. Intra-and inter-reader reliability was assessed on a subset of 20 knees using intra-class correlation coefficients (ICCs) and the root mean square standard deviation (RMSSD). Results: The average change in osteophyte volume (DV) was 196 mm 3 (SD ¼ 272 mm 3 ), and the baseline to 48-month SRM was 0.72. An increase in osteophyte volume was observed for 84% (76/90) of the subjects. KruskaleWallis analysis across the four MOAKS osteophyte categories was significant for medial and lateral compartments of both the tibia and femur (P < 0.001 for all). The intra-reader ICC was 0.98, and RMSSD was 82 mm 3 , while inter-reader ICC was 0.97 and RMSSD was 91 mm 3 . A statistically significant positive correlation was observed between osteophyte volume and several MOAKS cartilage and BML scores. The reader time was approximately 10 min per knee. Conclusions: The method is responsive, efficient, and precise, making it practical for use in large cohort studies and observational research.
Introduction
Osteophytes are a hallmark of radiographic knee osteoarthritis (OA) and a fundamental sign of disease incidence and progression 1 . Their growth over time is one of several structural features used to characterize OA status and progression 2 . Diagnosis of OA is typically based on clinical data combined with radiographic markers 3 . Previous studies have estimated that about half of adults over 55 with chronic joint symptoms will have radiographic evidence of OA 4 .
Population-based studies of individuals over 50 without radiographic evidence of OA have shown that almost 90% have an abnormality detectable on MRI that is suggestive of OA 5 . These findings include development of osteophytes, cartilage loss, and bone marrow lesions (BML); the most common finding is the development of osteophytes 5 . These data suggest that the population burden of OA is much greater than estimated because of the low sensitivity of radiographs, particularly in early disease 6 . Because of its high sensitivity, ability to visualize soft tissue, and lack of ionizing radiation, MRI has become a valuable tool in the detection and follow-up of OA particularly in the research setting. Scoring systems for knee OA have been developed for both radiography and MRI, but are primarily semi-quantitative and provide an ordinal output. Kellgren and Lawrence described a radiographic scoring system that is largely dependent on the presence and size of osteophytes, graded ordinally 7 . More recently the semiquantitative Osteoarthritis Research Society International (OARSI) atlas criteria have been developed to improve upon radiographic detection of OA 8, 9 . MRI scoring systems for knee OA include the Whole-Organ Magnetic Resonance Imaging Score (WORMS) 10 , the Boston Leeds Osteoarthritis Knee Score (BLOKS) 11 , and the more recent and widely used MRI Osteoarthritis Knee Score (MOAKS) 2 systems. The MOAKS grading system was developed as an evolutionary step beyond previous scoring systems such as 
Materials and methods

Study sample
The study was nested in the Osteoarthritis Initiative (OAI) a prospective multi-center cohort study of knee OA. The OAI enrolled 4796 men and women aged 45e79 at the start of the study. A progression subcohort includes 1390 individuals with symptomatic knee OA, defined as having both frequent knee symptoms and radiographic evidence of OA. Study exclusion criteria included rheumatoid or inflammatory arthritis, bilateral knee replacement and inability to undergo MRI. A full description of study protocol, design, data overview and the datasets are available for public access at http://www.oai.ucsf.edu/.
For the current study, we selected knees from the 160 Progression Cohort subjects included in Data Set 0.1.1 and Image Releases 0.B.1 and 1.B.1 13 . We limited the sample to those individuals who had completed MRI studies at both baseline and 48 months with mild to moderate radiographic OA as defined by KellgreneLawrence (KL) grade (KL 2 and KL 3) based on central image assessments provided by the OAI. These criteria yielded a total of 90 (51 KL 2 and 39 KL 3) subjects to be included in our study.
MRI
MRI was acquired at four OAI clinical centers using dedicated Siemens Trio 3 T scanners (Trio, Siemens, Erlangen, Germany). Double echo steady state (DESS) sagittal 3D images were obtained (0.365 mm Â 0.365 mm, 0.7 mm slice thickness, TR 16.5 ms, TE 4.7 ms) as per OAI imaging protocol 22 . For our image analysis the series were reformatted in the coronal plane and adjacent slices were binned in the new slice directions providing an effective slice spacing of 0.365 mm Â 0.7 mm, 0.73 mm. Binning by 2 voxels in the new slice direction substantially increased the efficiency of the method while preserving performance.
Image analysis
A senior radiology resident (MH) performed all software readings after training on the use of the software and following a review of sample cases with a senior attending musculoskeletal radiologist and an expert in OA research with 15 years of experience in MRI analysis of knee OA features (AG). The reader was blinded to subject ID, MOAKS scores, and order of visit, but read the images while viewing both the time points simultaneously. The focus was on the central weight bearing region in order to target marginal osteophytes.
The central weight bearing region was defined as the approximately 2.5 cm region (17 images) that ends posteriorly at the intercondylar line [ Fig. 1(a) ]. Previous studies have attempted to define the anterior and posterior borders of the central weight bearing region reliably on MRI 23 . On a random subset of 20 patients we found that the posterior border was easily identified with high inter-reader reliability, however, we were unable to demonstrate the same degree of reproducibility for the anterior border. Therefore we determined the average dimensions of the weight bearing region based on this subset and found it to be approximately 2.5 cm. Each of the medial and lateral tibial plateaus and femoral condyles were segmented (outlined) individually in the specified region. The reader first identified and marked the first and last image slice for the central weight bearing region as described above. An edge detection algorithm then automatically demarcated the bone edges in the region of interest and the reader "closed off" each osteophyte The primary outcome was the change in osteophyte volume (DV) from baseline to follow-up. Reliability was assessed on a random sample of 20 subjects. For intra-reader reliability, readings were separated in time by 12 weeks to avoid recall bias. Interreader reliability was assessed using the same 20 cases read by a musculoskeletal radiologist (MJ) with 3 years of experience in semi-quantitative assessment in OA. This reader (MJ) also systematically evaluated osteophyte, cartilage, and BML morphology of the central sub-regions of medial and lateral tibiofemoral compartments using MOAKS system. Detailed scoring methods of the MOAKS system were published previously 2 . MOAKS scoring was limited to central femoral and tibial sub-regions to better match the quantitative segmentation. The OAI performed a second MRI scan for a very small number of subjects generally to address an image quality issue evident on the first acquisition. A random selection of 20 such scans (10 duplicate pairs), whose image quality appeared not to be compromised substantially, were selected to evaluate repositioning reproducibility.
Statistical analysis
Responsiveness was examined using the average change in osteophyte volume (DV) from baseline to 48 months, the standard deviation of DV (SD), the standardized response mean (SRM, defined as DV/SD), and the percentage of subjects with net increase in volume. Reliability was assessed using the intraclass correlation coefficient (ICC) and root mean square of the standard deviation (RMSSD). Concurrent validity was examined via correlation with the osteophyte component of the MOAKS grading system. Descriptive data were summarized in tabular and graphical form to show quantitative osteophyte volumes by each MOAKS osteophyte category in the medial and lateral femur and tibia compartments. MOAKS analysis was performed for the baseline visit and consequently compared to the baseline readings after unblinding. Two analyses were carried out to examine concurrent validity of the quantitative measure against MOAKS: (1) a nonparametric (Spearman's) correlation of MOAKS categories and osteophyte volume, and (2) KruskaleWallis tests to compare median volumes across MOAKS categories. For the secondary objective, KruskaleWallis test P-values were used to compare median volumes against MOAKS categories for full thickness defects, cartilage surface area, and BMLs.
Results
Baseline demographics
Ninety subjects were included in the analysis. The sample was 81% white and 51% male with an average age of 60.8 years ± 9.8 years. Baseline KL scores were 57% grade 2 and 43% grade 3.
Quantitative data
Descriptive data for change in osteophyte volume and SRM by KL grade and compartment are presented in Tables I and II respectively.
The average 48-month change in osteophyte volume (DV) was 196 mm 3 (SD ¼ 272 mm 3 ), and the SRM was 0.72. A net increase in osteophyte volume from baseline to 48 months was observed for 84% (76/90) of the subjects. The average complete reading time was slightly less than 10 min per knee.
Concurrent validity
Statistically significant (P < 0.001) positive correlations between osteophyte volume and MOAKS osteophyte score were found for each of the compartments (Table III and Fig. 2 ). KruskaleWallis analysis across comparing median volume scores by MOAKS osteophyte categories was significant for all sub-regions (P < 0.001 for all). Spearman's correlation between osteophyte volume and MOAKS osteophyte was 0.859 (medial-femur), 0.891 (lateral-femur), 0.527 (medial-tibia), and 0.865 (lateral-tibia). MOAKS reading time for partial osteophyte grading (weight bearing femoral and tibial osteophytes) was slightly greater than 10 min per knee. A secondary analysis, comparing osteophyte volume to MOAKS cartilage and BML scores, is summarized in Table IV . Statistically significant (P 0.05) positive correlations between osteophyte volume and both MOAKS cartilage full thickness loss and cartilage surface area loss scores were found for each of the compartments except full thickness defects of the lateral tibia (P ¼ 0.08). Positive correlation between osteophyte volume and MOAKS BML scores were statistically significant (P ¼ 0.01) only at the lateral femur and lateral tibia.
Reliability
The intra-reader ICC was 0.98, and the RMSSD was 82 mm 3 , while inter-reader ICC was 0.97 and the RMSSD was 91 mm 3 . For the repositioning reproducibility, the ICC was 0.99 and the RMSSD was 145 mm 3 .
Discussion
We provide evidence that a new semi-automated software method to quantify knee osteophyte volume in OA patients is responsive, valid, and reproducible. As expected, there was a larger volume increase in KL3 vs KL2 patients, with over 90% of KL3 patients showing a detectable increase in volume.
Analysis of the data by region showed higher overall volume increase with less variability in the femur vs the tibia. Of note, the medial femur and tibia showed increased osteophyte volume compared to their lateral counterparts, consistent with the increased medial compartment loads commonly observed as disease progresses 24 . There was good agreement between osteophyte volumes with MOAKS osteophyte grades (Table III and Fig. 2) . A number of probable causes may account for the small differences between the two systems. Our method provides continuous data as opposed to the ordinal score of MOAKS, which has only four grades. MOAKS osteophyte grading requires some subjective decision-making, particularly at the boundaries of the predefined categories.
Software to MOAKS osteophyte correlation was weakest at the medial tibia, and upon further analysis, it is noted that 80% (72/90) of the knees were graded as MOAKS 1 ("small") at the medial tibia. This is in contrast to the other compartments where grade 1 was assigned less than 53% of the time (medial femur 53%, lateral femur 29%, and lateral tibia 51%). A reason for this finding may be the poorer inherent visualization of osteophytes at the medial tibia; however, our volumetric data suggest this region should be no worse than the lateral tibia. Semi-quantitative scoring did demonstrate somewhat low inter-rater agreement at the tibia in a prior study 2 suggesting that this may be a difficult region to assess.
There was good correlation between osteophyte volume and both MOAKS cartilage full thickness loss and surface area loss scores. This correlation suggests an association of osteophyte volume with cartilage loss, which is a surrogate for joint space narrowing and thus OA 25 . There was statistically significant correlation between osteophyte volume and MOAKS BML scores only in the lateral compartment. These findings merit further investigation. Our technique is efficient, requiring an average reader time of less than 10 min per knee. The reader in this case was a Radiology trainee, however, no special education or skills were required beyond identifying certain bony landmarks on MRI. Training of the second reader required only discussion of the landmarks and instruction on usage of the software tool. Semi-quantitative methods for osteophyte evaluation, on the other hand, are generally more time consuming and require some subjective evaluation by expert readers with substantial experience in evaluating OA. By reducing reader time, even marginally, our technique could potentially allow for increases in powering large trials and longitudinal cohort studies of OA, while decreasing costs.
Our technique does require some user input in order to identify presence or absence of osteophytes on a given image slice which is less automated than using an atlas based segmentation method. However, given the variability in imaging appearance of osteophytes in shape, size, and position as well as variability in knee positioning, size, and proximity of adjacent structures we felt that an atlas based technique would be less accurate. In addition, atlas based segmentation techniques can require long computation time.
For example a multi-atlas based technique, designed to address knee variability and inhomogeneity, required hours to complete segmentation even after an extended initial registration period 26 . The method had good reliability as indicated by the ICC values for both a single reader at two time points and two independent readers. Measurement error (estimated by RMSSD) over 48 months is similar in magnitude to the 48 month change in osteophyte volume, suggesting that the strength of this measure is in evaluation of the knee in longitudinal studies involving many subjects. There was no substantial difference between the inter-and intrareader reproducibility, suggesting that the measurement is independent of the reader and that studies could use multiple readers. Scan-rescan data showed a slightly higher RMSSD than the primary data, however, this may be a result of the much smaller dataset as well as one of each group representing a technically poorer quality examination, which had triggered a rescan. There were several limitations of this study. Segmentation was performed on DESS sequence MRI images. While this sequence does delineate bone interface from soft tissue, it does not effectively show boneebone interfaces. Thus, the reader was required to determine where to draw the base of the osteophyte at the expected normal bone contour. The single MRI sequence also limited the ability to accurately identify and measure osteophytes with larger cartilaginous components as well as osteophytes in close proximity to the normal cartilage interface and adjacent ligamentous structures. The software tool itself was programmatically defined to measure the volume of well-defined bony osteophytes and therefore likely underestimated osteophyte burden in those patients with large cartilaginous components or those irregular osteophytic projections (such as fingerlike projections both in and out of plane). Our reliability data did, however, demonstrate that this measurement was highly reproducible in spite of these limitations.
To our knowledge, there are no fully quantitative tools for measuring osteophyte volume on MRI scans. One other quantitative measurement tool exists for knee osteophytes measured on radiographs 27 , and has been validated and used in OA trials to detect OA and to monitor progression over time 28, 29 . However; it is dependent on knee radiographs taken with a specific protocol 27 . . One study demonstrated better stratification of patients into rapid vs slow progression of disease 30 . A follow up study by the same group demonstrated a correlation between cartilage volume loss and joint space narrowing as well as with pain scores 31 . Quantitative techniques for cartilage measurement are now being tested for evaluation of disease-modifying agents 32 . As we apply our method to preclinical and clinical studies, we predict that similar utility will be seen with quantitative measure of osteophyte volume. Further research with this method will investigate its utility in large scale studies such as the OAI. In addition, we are investigating combining this method with additional software-based quantitative techniques for BML volume 18 cartilage loss 13, 14 , effusion, synovitis, and meniscal damage. This effort may lead to the development of an efficient quantitative MRI based OA scoring system that serves as a software equivalent to WORMS, BLOKS, or MOAKS.
In conclusion, we have demonstrated the responsiveness and validity of a novel efficient quantitative software method for volumetric analysis of knee osteophytes. This technique can provide rapid measure of knee osteophyte burden, making it practical for use in large cohort studies and observational research.
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